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Abstract 
This paper describes the process of testing fabrics for use in alpine ski competition suits for the Norwegian national 
team. The main goal of the project was to indentify the aerodynamically best currently available fabric for use in 
Slalom, Giant Slalom and Super G/Downhill suits for the 2011/2012 competition season. A selection of fabrics were 
selected and tested in a wind tunnel on cylinder models of varying diameters and on an airfoil model. Additional 
measurements were performed with increased stretching in order to identify how this would alter the performance of 
the fabrics. The fabrics tested showed a large spread in critical velocity, minimum drag coefficient (CD) and 
supercritical drag characteristics, clearly illustrating the need to individualize fabrics for each of the alpine 
competition disciplines according to average race speeds. Full race suits were made from three of the fabrics and 
tested on athletes. These measurements confirmed the trend from the model measurements, although the variability in 
these measurements was too large to make a reliable estimate of actual drag reduction. 
© 2012 Published by Elsevier Ltd. 
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1. Introduction 
Alpine skiing, and the downhill discipline in particular, is one of the most extreme winter sports in 
terms of competition speed with athletes reaching top speeds in excess of 140 km/h. Moreover, winning 
margins are often mere hundredths of a second. Considered together, high speeds and narrow margins 
indicate that skier aerodynamics is likely to be a key performance factor. To improve overall aerodynamic 
performance, one can either alter the shape or the surface of the athlete. Taking equipment regulations into 
consideration, the only legal way to improve the shape of the athlete is to optimize his posture. For the 
best athletes, this will to a large extent be a compromise between aerodynamics, stability and physiology. 
The second approach is to optimize the surface of the athlete, i.e. race suit, helmet and boots. FIS 
regulations state that the suit must have a minimum air permeability of 30 liters per m2sec in all parts and 
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that it may not be plasticized or treated by any chemical means. Seams may only exist in order to join the 
portions of the suit and outer tucks and darts are not allowed. This leaves seam placement and fabric 
surface roughness as two parameters which can be adjusted to improve suit aerodynamic properties.  
In many studies of sport aerodynamics, human limbs are modeled as circular cylinders [1]. This is a 
highly useful simplification which allows comparison with previous results. Moreover, the flow around 
cylinders and the effect of surface roughness is well described [2]. Considering the relatively high drag 
coefficient of a cylinder shape, and the fact that the lower legs and arms of a skier are exposed to the wind 
during most of the race, it is fair to assume that the highest potential for drag reduction is found in the 
limbs. Through use of a fabric with the appropriate surface roughness, boundary layer turbulence can be 
tripped at a desired Reynolds number and the drag coefficient of a cylinder can be reduced by 40-60% [3].  
In alpine skiing, several competition suit manufacturers have experimented with fabrics of varying 
surface roughness to reduce drag. It is likely that different apparel will be desirable for each discipline due 
to the wide range of competition speeds and the dependency of the drag coefficient (CD) on the Reynolds 
number for a bluff body in the region of transition. Since the onset of boundary layer turbulence over 
different fabric surfaces is difficult to predict, wind tunnel experiments are commonly used. For instance, 
the effects of wear, apparel fitting, air permeability and other factors on skier drag was studied by 
Brownlie et al. through a series of athlete measurements using full race suits [4]. Although this study 
provides useful practical indications of such effects, the methods used do not isolate variables.  
Considering the importance of aerodynamics in competitive skiing, and the influence that suit fabric 
characteristics can have on skier drag, the purpose of this study was to provide the Norwegian ski 
federation with an evidence-based approach to fabric selection for 2011/2012 season competition suits.  
2. Methods 
2.1. Wind tunnel testing 
In order to evaluate both pressure and friction drag effects of different fabrics, two different model 
setups were chosen. Primary measurements were performed on cylinder models of three different 
diameters to model the calf, thigh and upper arm. The length of all three cylinders was 120 cm resulting 
in varying aspect ratios. Since the setup did not involve any kind of end arrangement, free-end 3D effects 
should influence the drag coefficient to a different degree for the three cylinders. The absolute CD values 
should therefore not be compared between cylinders. Secondary measurements were performed on a 
NACA 0012 profile, which is a thin, symmetrical airfoil. The drag force on a thin airfoil at zero angle of 
attack is dominated by friction drag and provides an indication of how the fabrics perform on the more 
streamlined parts of the body were the boundary layer stays attached to the surface over a large area. 
Friction drag is however of less importance than pressure drag of an athlete because of the blunt shape.  
Wind tunnel experiments were performed in two separate wind tunnels at the Norwegian University of 
Science and Technology (NTNU). Cylinder drag measurements were performed in a closed circuit wind 
tunnel with a test section cross-section of 2,7×1,8 meters. Drag forces were acquired at 100 Hz using a 
Schenck six-component force balance. Five 5 second trials were taken for each measurement point, and 
the average of the three median samples was used to calculate CD. Airfoil measurements were performed 
in a closed circuit wind tunnel with a test section cross-section of 1×0,5 meters. An airfoil was mounted 
on a three-component mechanical balance through three strut supports, the drag of which was measured 
and subtracted from the total drag. Wind speeds for both setups were acquired using a pitot-static tube 
and a pressure transducer. Due to limitations in wind tunnel speed, Reynolds numbers experienced in 
Super-G and Downhill competitions were not obtained. In order to relate drag characteristics to 
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competition speed at corresponding Reynolds numbers, all results are presented as a function of speed at -
5°C and standard atmospheric pressure (Veq). 
Based on the results from the wind tunnel fabric testing, race suits were made from three of the fabrics 
and tested on athletes in a full scale test at a velocity aerodynamically equivalent to 17,5 m/s at typical 
race environmental conditions. A tuck position with elbows on the knees and hands on the chin was 
defined in order to gain a stable and repeatable posture. A second posture, meant to represent a half 
upright position typical to competitive skiing, was also defined with straight arms and hands placed on the 
knees. Athletes were required to reposition for each measurement trial. A side-view video stream and a 
grid with individual markings placed on the side wall of the tunnel were used to help the athlete repeat 
positions between measurements. Five measurements of five second sample times were taken for each 
suit and the average drag was calculated from the three median samples. Despite these precautions, the 
use of a human model always involves additional uncertainties caused by movement and variations in 
posture. The influence of varying frontal area on CDA values can therefore not be ruled out. Results were 
analyzed using a two-tail independent sample t-test. 
2.2. Textiles
A typical fabric used in race suits for alpine skiing is composed of three layers. An inner textile layer 
which may be absorptive, an adhesive middle layer which glues the inner and outer fabric together and 
also reduces air permeability, and an outer textile layer which provides protection. All the tested fabrics 
were constructed in this manner, but were widely different in thickness and texture. On some of the 
fabrics, irregularities in the inner layer were used to create a macro structure on the outer surface without 
a rough outer layer. Other fabrics utilized patterns in the outer layer in order to create roughness. The 
middle layer could also be used to regulate or eliminate air permeability through the use of a membrane.  
All fabric samples were fitted to the test cylinder and airfoil with a constant stretch of 25%, i.e. the 
samples were stretched to 125% of their relaxed dimension when fitted on the model. This value is an 
approximation of the average tangential stretch of the suit over an athlete’s limb found comparing 
anthropometric measurements and suit dimensions. To address the influence of excessive fabric stretching 
on drag, a test with 42% stretch was also performed on the medium sized cylinder. The seam of the 
samples was placed on the leeward side of the cylinder and at the trailing edge of the airfoil. 
3. Results and discussion 
3.1. Cylinder measurements 
Normally, drag data is presented as a function of Reynolds number. However, it was observed that the 
critical Reynolds number increased with cylinder diameter, possibly due to reduced relative roughness.  
Therefore, the drag coefficient was measured for different cylinder dimensions and plotted against 
velocity at typical race conditions (Veq).
 Fig. 1 shows the CD profiles for all the tested fabrics on the 20 and 11 cm diameter cylinders. On the 
20 cm cylinder, the critical velocity varied between approximately 10 and 18 m/s, corresponding to 
typical race speeds found in slalom and giant slalom. On the 11 cm cylinder, the critical velocity varied 
between approximately 12 and 20 m/s. The tested fabrics varied substantially in terms of surface structure 
and construction, and this variability was reflected in the diverse responses in CD with increasing velocity. 
For instance, three fabrics with varying aerodynamic properties are highlighted in Fig. 1. Fabric #3 is a 
rather thick fabric with a smooth knit outer layer, giving it a fine texture. Fabric #3 demonstrated a CD
response to increasing Reynolds number typical of sports fabrics and agreeing well with results found in 
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similar experiments [5]. Fabric #5 is a rougher fabric made with an outer layer featuring a macro 
roughness pattern designed to trip the boundary layer at low velocities. This fabric may be suited for 
slalom due to the low transition speed. However, the rough surface resulted in a high minimum drag, and 
furthermore, caused drag to increase rapidly at higher velocities. Fabric #10 is a very smooth fabric with 
no macro structure and is much thinner compared to fabric #3. This gave the fabric a high transition speed 
and a low minimum CD. These features make the fabric a possible candidate for use in downhill suits. 
Fig. 1. CD vs. speed for the tested fabrics on cylinder models. D=11cm (a) and D=20cm (b) 
In addition to varying in CD response, fabrics also differed in how critical velocity changed between 
the different cylinders.  For example, critical velocities for Fabric #3 varied by approximately 2 m/s 
between the largest and smallest diameter cylinders, indicating that the same fabric should perform almost 
equally well on the various body segments at speeds exceeding the highest transition speed. In contrast, 
other fabrics varied in critical velocity by as much as 5 m/s for different diameter cylinders. Considering 
the large variations in race speed, both in and between race events, the possible effect of differentiating 
between fabrics used in arms and legs is likely to be limited.
At supercritical velocities, large variations were found in CD characteristics. The roughest fabrics all 
showed a rather rapid increase in CD post transition, similar to that observed on sand-grain roughened 
cylinders [3]. However, some of the smoother fabrics retained a low CD over a large range of velocities. 
This behaviour is similar to the one found on golf balls and, to some extent, dimpled cylinders [6], and 
may prove to be very beneficial when the competition speed varies, or if the same apparel is to be used in 
various disciplines and courses. 
3.2. Fabric stretching 
The possible effect of fabric stretching on aerodynamic drag was investigated through a series of 
cylinder model measurements on a 125mm diameter cylinder. Fig 2 shows how the transition speed is 
affected when the absolute stretching of the fabrics is increased from 25% to 42%. While 25% is likely to 
be a realistic stretch based on current fitting practices, it is important to note that 42% is probably 
excessive stretching for practical purposes considering wearing comfort and movement freedom.  
Results indicated that stretching is not a critical factor, neither for transition velocity nor drag 
reduction. A trend was observed where the roughest fabrics (such as fabric #5) experienced flow 
transition at somewhat higher speeds (around 1m/s) when stretched to 42%, indicating that the surface 
becomes smoother. In contrast, the smoother fabrics (such as fabric #8) showed no effect of stretching.  
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No change in drag reduction was observed for any of the fabrics tested. Another aspect of stretching is 
the increased air permeability that results. This property is often mentioned and associated with 
aerodynamic drag in sports apparel studies although little data exists. The results found in this 
investigation indicate that fabric air permeability itself has little if any correlation with drag for tight, 
form fitting fabrics and may not have a direct influence on drag in this context. 
Fig. 2. CD vs. speed for a NACA 0012 airfoil clad in various fabrics 
3.3. Airfoil measurements 
Drag coefficients for the NACA 0012 airfoil clad in various fabrics is shown in Fig. 2. Large 
differences approaching 40% were seen between the highest and lowest CD values. These differences 
seemed more pronounced at higher speeds. Generally, the fabrics with the lowest critical Reynolds 
number experienced the highest friction drag, as expected. Fabric #5 is a rough, low-speed fabric with a 
distinct surface texture that was found to trip the boundary layer at low Reynolds numbers. Fabric #10, in 
contrast, is a smooth fabric with a very fine surface texture giving very low drag at higher Reynolds 
numbers. Interestingly, significant differences in airfoil drag were found between apparently similar 
fabrics with comparable critical Reynolds numbers. 
Fig. 3. CD vs. speed for a NACA 0012 airfoil clad in various fabrics 
3.4. Full suit 
CDA values for the tested suits for two different athlete postures are shown in Fig. . The relatively 
large measurement variability, as indicated by the standard deviation bars, illustrates how difficulties in 
finding the same position limit the quantitative outcome of the test. The standard deviation during each 
trial, mainly caused by athlete movement during sampling, was in the range 0,5-1% of the total drag. 
Despite this variability, statistically significant differences existed between the suits when tested in 
position 1. The difference in drag between the suits built in fabrics #2 and #4 was over 5% in position 1. 
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CDA values measured for position 1 agree well with those found by Brownlie [4] considering the 
slightly more upright posture used in this study. The results also agree well with the findings from the 
cylinder test showing that the method used for fabric testing is also transferable to full suit drag. The more 
upright Position 2 proved to be more difficult to maintain and, as a result, the measurement variability 
was too high to give a conclusive result comparing suits built in fabrics #3 and #4 (p=.37). However, the 
suit built in fabric #2 gave a significantly higher drag (p=.02) than the other suits. More stable test 
positions, possibly with the aid of supporting struts, must be defined in order to gain more reliable and 
quantitatively useful results from full suit measurements. 
Fig. 4.  CDA of suits tested on athletes in position 1 (a) and position 2 (b) with standard deviation and p-values. Veq=17,5m/s
4. Conclusion 
Wind tunnel drag measurements of cylinders were used to provide evidence for fabric selection for the 
Norwegian national team competition suits. Airfoil drag data was in addition used for comparison of 
fabrics with similar cylinder drag characteristics but was weighted less in the decision process. In addition 
the fabrics must of course comply with the FIS regulations. Investigations of the effect of fabric stretch on 
CD indicate only marginal influence. This also means that air permeability itself might not be a critical 
parameter for drag, but this area needs further investigation. Full suit wind tunnel drag measurements 
with athletes proved to be difficult with respect to repeatability and stability of measurements. In spite of 
the limited quantitative outcome of these measurements, significant drag reductions were achieved in 
good agreement with cylinder test results. 
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